We describe a method for the simultaneous determination of the five clinically relevant hemoglobin derivatives (Hb, Hb02, HbCO, Hi, SHb) in a blood sample by means of a reversedoptics spectrophotometer (Hewlett-Packard HP8450 A UV/ Vis). A built-in computer program is used for multicomponent analysis in an overdetermined system, i.e., a system in which the number of independent equations used exceeds the number of unknowns to be determined. First, the spectra of the five hemoglobin derivatives are measured in a series of different human blood samples. Thereafter, the multicomponent method for the simultaneous determination of the five hemoglobin derivatives is tested by comparison with conventional methods for the separate determination of oxygen saturation, HbCO, Hi, and SHb fractions. The multicomporient (multiwavelength) method is sufficiently reliable, accurate, and easy to justify its use in physiological chemical research as well as its routine application in the clinical chemical laboratory.
present.
This yields n equations of the type
where A' is the absorbance at wavelength X, e, is the millimolar absorptivity of component n at wavelength X (mmol1 . L cm1), c,, is the concentration of component n (mrnollL), and 1 is the light-path length (cm). The concentration of the n components present can then be calculated by solving the set of n equations, provided all values for & and 1 are known. When there are just as many equations as there are unknowns, the system is called an "exactly determined" system. Recently, we introduced (8) a method involving such a system for the simultaneous determination of Hb, Hb02, HbCO, Hi, and SHb by measuring the absorbances at 500, 569, 577, 620, and 760 nm (each wavelength is a local maximum for one of the derivatives). However, because of the very different millimolar absorptivities at 500, 569, and 577 nm on the one hand, and 620 and 760 nm on the other, the use of two different light-path lengths appeared necessary to keep the absorbance values within the range in which they can be measured with reasonable accuracy. Apart from the inconvenience of using two different cuvettes, both light-path lengths have to be known exactly to four decimal places, even when only proportions instead of concentrations are to be determined. A similar method, involving four different wavelengths for an automated determination of Hb, Hb02, HbCO, and Hi, has been realized in the 1L282 CO-Oximeter (9, 10).
In an exactly determined system only a small part of the information contained in the absorption spectra of the components to be measured is utilized. When more wavelengths are used than there are components in the mixture, e.g., when the absorbance is measured either continuously or in very small steps over a considerable spectral range, many more equations are obtained than there are unknowns. Such a system, called an "overdetermined" system, obviously yields more accurate results than an exactly determined one. We have used the HP8450 A UV/Vis spectrophotometer (Hewlett-Packard Co., Palo Alto, CA 94304), which is equipped with a computer program for multicomponent analysis in an overdetermined system, to determine Hb, HbO2, HbCO, Hi, and SHb. The absorption spectra of the samples are measured from 480 to 650 nm, in 2-nm increments, at a single light-path length. We first recorded a large series of absorptivity curves for the pure derivatives in blood of healthy human donors. The results obtained through multicomponent analysis were compared with those obtained by conventional methods for the separate determination of the hemoglobin derivatives. A prelimmary report on this work was presented during the sixth meeting of the IFCC Expert Panel on pH and blood gases 
Spectrophotometer
The HP8450 A UV/Vis spectrophotometer differs from conventional spectrophotometers by the use of reversedoptics geometry ( Figure 1 ). All light from a deuteriuml tungsten lamp combination (L) passes through the sample cuvette (C) rather than being first dispersed in a monochromator (M) and then passed through the sample, a single wavelength at a time, as in conventional spectrophotometers. The light transmitted by the sample is dispersed across an array of parallel detectors (D) so that the absorbance is simultaneously measured over the entire spectral region of 200 to 800 nm. The transmitted light is dispersed by a spectrograph (S). Light-sensitive diodes used as detectors are placed behind the spectrograph such that each diode receives light from only a particular wavelength, depending on its position. The spectral resolution is therefore determined by the inter-diode distance. The wavelength scale of the HP8450 A extends from 200 nm to 800 nm; its resolution of 1 nm for the range 200 to 400 nm and 2 nm for 400-800 nm is made possible through its 400 photodiodes. The spectrophotometer has a built-in microcomputer with a 16 K random access memory, capable of storing about 50 complete spectra (200-800 nm) in its work space; for permanent storage the spectra can be recorded on magnetic tape. Moreover, the computer can perform mathematical operations on spectra and store calibration lines for the subsequent calculation of concentrations from absorbances. The most important feature of the system, for the purpose of this report, is its capability by a matrix calculation procedure for an overdetermined system. The amount of each component that corresponds to the best fit of spectra is displayed within a few seconds on the built-in cathode ray tube.
Procedures
Determination of spectral absorptivity curves of pure hemoglobin derivatives.
The millimolar absorptivity
(mmol' L cm') curves of the pure hemoglobin derivatives were determined by measuring the spectral absorbance curves of solutions of the pure derivatives and dividing the absorbance at each wavelength by the total hemoglobin concentration (mmol/L) and the light-path length (cm) of the cuvette.
Blood containing
only Hb, Hb02, or HbCO was anaerobically drawn from the tonometer (see below) into a 2-mL glass syringe containing a 5-mm-diainetsr glass mixing ball and a 100 milL solution of the nonionic detergent Sterox SE (Hartman Leddon Co., Philadelphia, PA 19104) to fill the syringe's dead space. Blood and detergent solution were thoroughly mixed, and ejected through a filter unit containing a piece of cotton wool. After discarding the first 10 to 20 drops, which serve to flush filter space and needle, we ifiled a cuvette (1 = 0.1000 cm) with the hemolysate.
A 0.0906-cm-thick plane-parallel glass plate was then inserted into the cuvette, leaving a lightpath length of 0.0094 cm. This procedure, including the calibration of the light-path length to four decimal places, has been described in detail elsewhere (8). The cuvette was placed in the spectrophotometer and the absorbance spectrum determined over the interval from 480 to 650 nm. The absorbance values were then divided by 0.0094 and C. For Hi and SETh, the procedures were somewhat different as described below.
Hb was prepared by tonometry of about 20 mL of blood with a humidified N2/C02 (94.4/5.6 by vol) gas mixture in a revolving glass tonometer (12). The volume of the tonometer was about 300 mL and the gas flow about 2.5 L'h. The time required to obtain 100% Hb, including the conversion of any HbCO present into Hb, was about 2.5 h. From the blood of each of 10 donors we prepared five spectral absorptivity curves and averaged the results for each. Finally, we averaged the 10 spectral absorptivity curves thus obtained (i.e., n = 50; N = 10).
We prepared 11b02 and HbCO similarly, using gas mixtures of 02/C02 (94.4/5.6 by vol) and CO/N2 (5/95 by vol), respectively, for tonometry. The number of independent measurements in blood from a single donor was five for both derivatives; the number of different blood samples was 21 for HbO2 (n = 105; N = 21) and nine for HbCO (n = 45; N = 9).
Hi was prepared by diluting a blood sample, for which C had previously been determined, 51-fold in a phosphate buffer (Na2HPO4 27.50 mmolfL and KH2PO4 13. 16 complicated by the fact that this hemoglobin derivative cannot be converted to HiCN. Because the sulfur is firmly bound at the periphery of the porphyrin ring (13, 14), the product formed by adding a K3Fe(CN)6/KCN solution is SHiCN, which has an absorption spectrum clearly different from that of HiCN (3). Therefore, the following procedure had to be used.
Suithemoglobin
(SHb) was prepared according to Siggaard-Andersen et al. (15) . A blood sample was fully oxygenated by means of tonometry as described above. Thereafter, the blood was centrifuged and the packed cells were divided into two parts. One part was incubated for 30 mm with an equal volume of a freshly prepared solution of Na2S and HC1 (50 and 75 mmol/L, respectively; pH 7.5). Excess H2S was removed by repeating the 02/C02 tonometry for 30 mm. The blood then contained about 15 to 25% SHb, the remainder being Hb02. It is impossible to prepare blood samples with 100% of the hemoglobin as SHb by this or any other procedure. Only negligible amounts of Hi or other hemoglobin derivatives were formed (suspension I). The other part of the packed cells was mixed with an 02-saturated isotonic NaCl solution (150 mmoIIL); this suspension, containing 100% Hb02, was suspension II. Care was taken that the erythrocyte count, and thus C, was exactly equal in the two suspensions. The C measured in suspension II was therefore also that of suspension I. We then determined the SHb fraction of suspension I 
Multicomponent analysis.
The actual determination of hemoglobin derivatives by multicomponent analysis is as follows. For a duplicate determination, 4 mL of blood is collected, by arterial or venous puncture, into a 5-mL glass syringe containing a 1-mm-thick stainless-steel mixing ring. The dead space of the syringe (about 0.2 mL) has previously been filled with heparmn sodium solution (500 units/mL). Any air bubbles are immediately expelled and blood and heparin solution thoroughly mixed. The sample may be stored refrigerated for a few hours, before the absorbance spectrum is measured between 480 and 650 nm. The procedure is similar to that described for measuring the absorbance spectra of pure Hb, Hb02, and HbCO For testing the multicomponent analysis method, we prepared samples with various amounts of the five hemoglobin derivatives. The conventional spectrophotometric method for measuring O2 is based on the assumption that the only derivatives in the mixture are Hb and Hb02. Therefore, the test samples for the S02 measurements had to contain only HbO2 and Hb. In a few samples, however, we introduced some HbCO or Hi, or both, eliminating the influence of these additions on the conventional method by individual recalibration for each sample. The test method for SHb is also based on the assumption that only two components are present: SHb and Hb02. Therefore, the test samples were prepared to contain only these two hemoglobin derivatives. After Fsm had been measured with the conventional method, we de-oxygenated part of the Hb02, thus actually testing the multicomponent analysis with a sample containing SHb, Hb02, and Hb. Test samples for the determination of HbCO and Hi are not subject to the constraint that only two components should be present; however, the conventional determination of Hi is invalidated by the presence of SHb (3) and is appreciably slowed in the presence of HbCO (18-20) .
These derivatives were therefore omitted from the test samples for Hi.
Blood samples with different ratios of Hb and Hb02 were prepared by tonometry with humidified 02/N2 gas mixtures, containing 56 mL of CO2 per liter, in the measuring chamber of some apparatus in use for recording oxygendissociation curves (21).
Blood samples containing different amounts of HbCO were prepared by tonometry with a humidified gas mixture of CO/N2 (5/95 by vol) for a few minutes in a revolving glass tonometer. This procedure yields blood samples containing three different hemoglobin derivatives:
Hb, Hb02, and HbCO. Into a few samples we also introduced some Hi.
To prepare blood containing various amounts of Hi, we hemolyzed the samples by adding one drop of undiluted Sterox SE. Each sample was distributed among several test tubes containing different volumes of a 90 mmol/L K3Fe(CN)6 solution and kept at room temperature for 90 mm before measurement of the hemoglobin fractions. The derivatives present were Hb, Hb02, and Hi.
Blood samples with different amounts of SHb were prepared by mixing various volumes of suspensions land II (see above); these samples contained only two hemoglobin derivatives (Hb02 and SHb). Before the multicomponent analysis some of the samples were subjected to tonometry with N2/ CO2 (94.4/5.6 by vol) for a few minutes; these therefore contained some Hb in addition to SHb and Hb02.
Methods for the Separate Determination of Various

Hemoglobin Derivatives
The OSM2 Hemoximeter (Radiometer, Copenhagen, Denmark) was used for the determination of S02 (5). This instrument employs a two-wavelength method for analysis of the two-component system Hb02/Hb. We recalibrated the instrument for the blood from each donor. The OSM2 Hemoximeter had previously been checked by comparison with a two-wavelength spectrophotometric method, measuring at 680 and 800 rim (8 
where A1, A2, A3, and A4 represent the absorbances of the four blood-reagent mixtures at 630 nm. The time interval between dilution of the sample and measurement should be 10 miii. The method used for the separate determination of the SETh fraction was the same as that used in the determination of the spectral absorptivity curve of SHb. We calculated the SHb fraction from the absorbance at 620 nm by using equation 3. 
Results
22-24).
It should be noted that most data from the literature are based on measurements of more or less purified hemoglobin solutions, whereas the present results are obtained with hemolyzed whole-blood samples, the only treatment of which was passage through a coarse cotton-wool filter. This explains why the present values are generally slightly higher than those reported by Van Assendeift (1).
We found the very strong absorption maximum of SHb in the red part of the spectrum to be at 622 rim, while Dijkhuizen et al. 
mmol'
L cm' Our measurements refute once more (25) the opinion of Burkhard and Barnikol (26) that the millimolar absorptivity of hemoglobin derivatives depends on their concentration, i.e., that the Lambert-Beer law does not hold for these compounds. In the present investigation, the Hi and SHb spectra were measured in concentrations some 50 times lower than those used in previous measurements (1,3) ; still, practically the same values for the millimolar absorptivities have been obtained.
It may be objected against the comparative measurements of Figures 3-6 that only some of the five possible components were present in the test samples. This is a Figure 6 . The difference of the multicomponent analysis with respect to the 620-nm method was -0.09% F5 ± 0.30% F51 (SD).
As shown in Figures 3 to 6 More often than not, the conventional methods for the separate determination of the individual components are subject to interference by some of the other components in the mixture. The objection, however, is valid only to a certain extent. Even when a multicomponent analysis is applied to solutions containing only two of the many components, the entire procedure is tested, because the data must show the absence of the other components. Of course this does not prove the validity of the method when more than two components are present in a significant concentration.
Most of the test samples for the comparative measurements of S0 (Figure 3 ) contained only two hemoglobin derivatives dib and Hb02). Into a few we introduced some HbCO or Hi, or both. The OSM2 Hemoximeter was in each of these cases recalibrated with the blood containing HbCO and (or) Hi. The agreement between the results of the two methods was not impaired by the presence of HbCO and Hi.
The HbCO fractions in the samples used for Figure 4 were mostly determined in the presence of two other derivatives, Hb and Hb02, but occasionally a considerable amount of Hi was also mixed into the sample. Of course, the titrimetric CO determination was not influenced by any other hemoglobin derivative. The same proved to be the case for the HbCO analysis. An extensive comparison between multicomponent analysis and this method was not made, because Hi fractions exceeding 30% are seldom encountered in patients.
A possible objection to the comparative measurement of SHb by multicomponent analysis and by the 620-nm method could be that both determinations depend largely on the value taken for e. It must be admitted that the 620-nm method is indeed the least independent of our test methods. We used it for the comparative measurements because it is the only feasible method at present. As an additional check on the validity of the measurement of Fs by multicomponent analysis, we measured a series of samples consisting of SHb-free and SHb-containing blood mixed in various proportions. The results obtained were as expected. Blood samples containing both Hi and SHb were not measured, because SHb interferes with the KCN addition method for the determination of Hi (3). Thus A620 cannot be properly corrected for the presence of Hi, resulting in an unpredictable error in the determination of Determination of C by adding up the concentrations of the five hemoglobin derivatives and multiplying the result by the dilution factor obtained when blood is mixed with the hemolyzing solution is not included in the comparative studies. It is obvious that simply by changing the value of the light-path length in the calculation procedures, Cp., can be made equal to C as determined by the HiCN method. Actually, we propose the use of this procedure for the alternative purpose of exactly determining the light-path length in the cuvette. The mean value for Cp., obtained by adding up the concentrations of the various components determined by multicomponent analysis of some 10 blood samples is compared with the mean of the corresponding C values determined by the HiCN method. The value for 1 that must be used in the multicomponent analysis program to obtain a value of C equal to that of the HiCN measurement is the light-path length in the cuvette. We used a light-path length of 0.009 cm. Because the HP8450 A spectrophotometer is linear for absorbance readings up to an absorbance of 2, cuvettes with a longer pathlength may be used. In some measurements, we used a flow-through Cuvette with a layer thickness of about 0.013 cm. Such a cuvette is easier to handle than 0.100-cm cuvettes with glass inserts of 0.991-cm thickness.
The results obtained with this flow-through cuvette were equally good.
Recently, we observed that the IL282 CO-Oximeter displays falsely high HbCO readings for fetal blood (10). The HbCO values found for fetal blood sampled from the uinbilical vein immediately after birth were consistently higher than those found in simultaneously sampled maternal blood. This phenomenon is probably caused by small spectral differences between HbA and HbF at the wavelengths used in the IL282. Using the present multicomponent analysis procedure for determinations in fetal blood samples, we obtained correct values. Because the multicomponent analysis method uses a considerable spectral range (480-650 nm), the influence of the small spectral differences is suppressed.
Compared with the manual five-wavelength method (8), the results we obtained with the present method for multicomponent analysis of hemoglobin derivatives show that more stable readings are obtained for small HbCO, Hi, and SHb fractions, when S02 is varied in the samples. The determination of S0 per se also yields more accurate results, as does the etennination of HbCO, Hi, and SHb fractions. Indeed, it is clear that with an overdetermined system better results are obtained than is possible with an exactly determined one. Moreover, the new procedure is faster and easier to implement.
The many limitations encountered in the experiments to check the multicomponent analysis of hemoglobin derivatives with the aid of conventional methods demonstrate the need for a method to determine all common hemoglobin derivatives in a single measurement without mutual interference. The described multicomponent analysis procedure constitutes such a method and may be well suited to replace most, if not all, of the conventional methods.
